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„f Clostndium botuhnum type A neurotoxin forms channels in lipid vesicles 
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2. In addition to K + , the channels formed bTpS h K^rT ?' however - wa « ^ivc 

lerminalhejvy chain fragment were found to tewl l,^? y bototaum neurotoxin type A or the NH,- 

3- The optimum pH IbrVe K ° wu^Sto £ ?/ aH^^T °J. NAD <M ' 

and was undetectable above pH 6 0 * 41 Ab ° VC ^ vaIuc K rapidly decreased 

to lipid vesicles composed of ctectrioally J^ph^rft^ W ° ChargC; raUch weakcr Mn S <*"™d 

highest levels of neurotoxin, the ta£i S7ra»?!^ D 7 d,Celyl P hos P hate *e 
Phosphatidyl glycerol phosphatidyl serine or %££Zm ioZS * * C ° n ^ e " hcr 

6. The implications of these observations lo t£ mecZS £ which the to,, t , 
the- nerve ending are discussed. ^oajusm oy wtucn the town molecule is translocated into 

| The neurotoxin of Clostridium boiulinum tvoe A fBoNT' , ^ • , 

i A) « a 145-iDa protein winch acta^^y 3^X£S? "S* l °™ inbibiTS tran ™« 

neuromuscular junction causing muscular mrS hv 2 TL • completely unknown. 

^glhcreleaseoftheneuroi dip£2TS^rr^^ te ^^^ 

I he town is a two-chain molecule conrorisine a lisht <X \1 i ^ ^ both ^ ,attcr toxins « h« been 

(55kDa) linked by a disulphid rwffto f IS StaS uSS M , NH ^ tef ^ Portion of the JargS 

£ kDa) [31. The neurofiraivtic Sty of BoNT/A t Smav^re^ 'IT^ M<1 biIayer8 ' a P»W 

fought to be accomplished in at least thre^ sSges^aTnStial KeS Tnto fti^vf ° ^""P** * ™ «ctive toxin 

binding stage, an intemaJisation stage and th^Tnc or mo™ K sLS r^T^ Usil, & ^ r }i P* «- 

5 C^ifT Ab01,t ** mcchanisin by which the toxin &«*n«tf "^ntingTe %S 

Raised. The process is energy-requiring and may re- «*•«*. The r^r^f tteSSSlfi? 

**Me th ep rocess of receptor-mediated endocytosis [5j The «*»ed *nd discussed in relation to a SjfeSSSS Z 

toxin mternahsation. ^ ttnan ,or 
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»jecwT^ u & * moum of t0 ™ that kilted 50% vf mice 

^PhaS^lSrrPMF^^h 0 ' d ! olini;; ftd0n> ' v f5°fP h ^' fycerol, phosphatidyl ethanolamine phos- 

Trypsin (EC 3.4.21.4). SSTSSnW l . ^ ^ ff°^^ Slgma ClleITlica, 

pany. PhosphaUdyi choline (leathin gj-ade I) »nd urea (Aristar 



HjL FRAGMENT / T " Yf,S:N 

Hg. !. Clostridium botulinum /y^ ^ neurotoxin 



grade) were supplied by BDH Chemicals Ltd. [wtrAwty/- 
l *C]NAD and p 2S I)iodine were obtained from Amcrsham 
International. 



Purification of Clostridium botulinum type A neurotoxin 
and its tryptit: fragments 

C. Botulinum type A neurotoxin wus purified to a specific 
toxicity ofl 2 x10 s mouse LD S0 mg " 1 by affinity chroma- 
tography on/varru'nophenyl-/^i>thiogalactopyranoside as de- 
scribed previously [I \). The H 2 L fragment (see Fig. 1) (specific 
toxicity 6-12x10* mouse LD 5q mg~') was purified by a 
modification of a previously described procedure (111. 
Botulinum neurotoxin (40 mg in 15 ml) in 0.15 M Tris/HCl 
buffer, pH 8.0 containing 100 mM NaCl was treated with 
trypsin (50 ug ml ! ) for 72 96 h at 20°C, dialysed against 
20 roM triethanolamine butler, pH 7-8 containing 100 mM 
NaCl, filtered (0.22 pm pore size) and then chromatographed 
(fast protein liquid chromatography system, Pharmacia) on a 
Mono Q column (HR 10/10, Pharmacia) equilibrated in the 
latter buffer. The column was washed with a further 100 ml 
of the triethanolamine buffer and then the H Z L fragment 
eluted with inclhanolamiiie buffer (20 mM, pH 7.8) contain- 
ing 200 mM NaCl. The purified fragment (as 1.5 mg ml" 1 ) 
was made 5 pg nil" 1 with trypsin inhibitor, dialysed against 
0. 1 5 M Tris/HCl buffer, pH 8.0 containing 50 mM NaCl and 
stored at - 20"C. The heavy chain and H 2 fragment of 
botulinum type A neurotoxin were purified from the 
neurotoxin and H 2 L fragment respectively by precipitating 
the light subunit in the presence of 2.5 M urea, 1 M NuCl and 
100 mM dithiothreitol as described previously [1 1]. The light 
subunit of botulinum type A neurotoxin ( < 100 mouse LD J0 
mg -1 ) was purified from the H a L fragment by the method of 
Kozaki et al. [12], 



Preparation of liposomes (met K ' release studies 

Lipid vesicles, were prepared essentially by the method of 
Enoch and Strittmatter [13]. Phospholipid mixtures (60 umol 
total lipid) were suspended m 3 ml 0.1 M potassium 
phosphate buffer, pH 7.2 containing 1 mM EDTA and 
10 mM sodium, deoxycbolute and then briefly sonicated (three 
5-s periods, Dawe Instrument type 7530 A, setting 3) in ice 
under nitrogen gas. Sodium dcoxycholatc was removed from 
the liposomes by dialysis three times against 500 ml 0.1 M 
potassium phosphate buffer, pH 7.2 containing 1 mM F.DTA 
at 4°C. Soybean phospholipids were first washed with acetone 
prior to liposome preparation [14J. Liposomes made with 
0.1 M potassium acetate buffer pH 4.5 were prepared by the 
freeze-lhaw technique of Kasahara and Hinlde 114J. 

Detection of K + release from lipid vesicles was carried 
out essentially as described by BoqueL and Duflot [8]. Lipid 
vesicles (50 ul) were added to 15 ml of the appropriate buffer 
and slowly stirred. Potassium release was monitored using a 
Philips K* electrode connected via Philips model 9421 pH 
merer to an Oxford Instruments 3000 chart recorder. 



Release of{ l *C/NADfrom liposomes 

For studying the release of J^CJNAD, liposomes wer 
prepared as above with 3 mi 0.1 M sodium phosphate buffo 
pH7.2 containing 1 mM EDTA and f l/ C]NAD (37k8< 
ml- 1 ) using half the concentration (5mM) of souiuu 
deoxycholate. The detergent was then removed by gel filir*. 
tion on a column of Sepbadex G-50 (25 x 3 cm) equilibrated ir 
potassium phosphate buffer pH 7,2 containing 1 mM EDTA 
Liposomes, ehifed in the void volume, were then dialysed 
against 1 I of the latter phosphate buffer. Release of NAD 
was assessed with 1.5-ml portions of liposome preparations 
After diluting to 11.5 ml with 0.1 M sodium acetate buffer 
pH 4.3 (to give a final pH of 4.5) cither buffer, toxin of Triton 
X-100 was added and the mixture incubated for 30 mm al 
20 '^ before being centrifuged at 200000 xg for 1 h. Portions 
(1 ml) of the supernatant fluids were removed and their radio- 
activity assessed by scintillation counting. 



Binding of radioiodinated botulinum neurotoxin to liposomes 

Botulinum neurotoxin, radioiodinated using chloramine- 
•J _[41, was mixed with unlubelfed toxin to give a specific activily 
of 1.7 MBq rag 1 and further diluted with 0.1 M sodium 
phosphate buffer, pli 7,2 containing 1 mg ml ' ovalbumin 
to a neurotoxin concentration of 100 ug (0.17 MBq) ml' 1 . 
Liposomes (0.5 ml) prepared as described above were mixed 
with 11 ml 0.1 M sodium acetate butter, pi 1 4.4 and 100 ul of 
the radiolabeled toxin solution, incubated fur 30 min at 20"C 
and then centrifuged al 200000 for 1 h. The supernatant 
fluid was carefully removed and the excess fluid allowed to 
drain from the liposome pellet by inverting the lubes for 
5 min. The liposomes were resuspended in 1 ml 0.1 M sodium 
phosphate buffer, pH 7.2 and the radioactivity in »0<)-ul 
portions measured. 



RRSULTS 
Release ofK* 

from phosphatidyl choline/phosphatidyl glycerol vesicles 

Addition of 10 ug of the channel-forming polypeptide 
gramicidin to phosphatidyl choline/phosphatidyl glycerol 
(molar ratio, 1 : 1) liposomes (PtdCho/PtdOro vesicles) loaded 
with K. 1 caused a rapid (< 30 s) releases of K + at pH 4-0 
(Fig. 2a). No further release of K + was detected when an 
additional 10 jig gramicidin was added, indicating that all the 
available K 1 had been released. An equivalent quantity "f 
K 1 was liberated at pH 7.2 showing that the low pH had not 
affected the integrity of the vesicles. 

Addition of increasing amounts of the Hj fragment of 
botulinum type A neurotoxin to PtdCho/PtdCJro vesicles 
suspended in butter at pH 4.0 evoked the release of K + if* 
(Fig.2b and c). Under the experimental conditions, the addi- 
tion of 1 nmol of the H 2 fragment released all of the avadabfc 
K. in less than 1 man; addition of gramicidin at this po* 1 
caused no further release of K + . Treatment of the vesicles 
with a further portion of the H 2 fragment after gjamicidii 1 
treatment had no effect of the baseline vahie. At pH 7.2 *e 
H 3 fragment was completely ineifective at releasing K + fr 0 " 1 
vesicles (Fig. 2d). 

Analogous experiments conducted with tbe i»t aCt 
neurotoxin, heavy chain and H 2 L fragment of BoNT/'* 
yielded qualitatively similar results. The results for the inta^ 
toxin are shown in Fig.3a ~ c. Al pH 4.0, BoNT/A the ft*- 
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Hp. 2. /fctw Af from PtdChafPtdGro vesicles by the H, fragment 
oj BoNTjA. (a) After addition of vesicle* to 0.1 M sodium acetate 
bWTcr.pH^O.gramicidinCG.lOjdofl m & ml" 1 solution in ctftanol) 
i was added. When maximal tespoose had been obtained, the baseline 
was adjusted to wo and KC.l (K. 10 ul of a 20 mM KC1 solution) 
*a* a dd«tl as a siandxird. (b. c) After the addition of the fragment 
buffer as a control (B), the H, fragment was added to vesicles in 
0.1 M audium acetate buffer. P H4.t), at the indicated amount*. At 
maximal response, the baseline was returned to zero and gramicidin 
added as ubovw (<j) followed by baseline adjustment and further 
addition of the same amount of the li a fragment. Finally KO stan- 
dard was added a* in (a). <d) The H, fragment added to vesicles 
m 0.1 M sodium phosphate buffer, pll 7.2; addition* of buffer (B) 
gramicidin (G) and KCl (K) were as described in <b). The volume of 
the reaction mixture in each case was 1 5 ml 



fragment and the heavy chain were found to he more efficient 
at releasing K* from PldCho/FtdGro vesicles than the H, 
fragment ; on a molar basis 4- 5-fold less of the heavy chain" 
HjL fragment and intact toxin consistently gave the same 
release of K + as the H 2 fragment. At pH 4.5. however, H 2 
fragment was equally as effective at releasing K + from lipid 
vesicles as the intact neurotoxin (see below). As found for the 
Hj fragment, at pH 7.2 intact toxin (Fig. 3c) heavy subunit 
and HjL fragment did not release K * from lipid vesicles 

( The light subunii of BoNT/A was ineffective at releasing 
J from lipid vesicles at both pH 4.0 (Fig. 3d) and pH4.5. 
MoNT/A whieh had been inactivated with formaldehyde rc- 
ained less than 3% of the K + -releasing activity of the native 
neurotoxin. 

Similar results were obtained when crude soybean 
Phospholipid vesicles were substituted for the PtdCho/PtdGro 
Nicies. The amount of the neurotoxin and its fragments 
{Quired to release alf the K + from soybean lipid vesicles 
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Fjg.X Release of from PtciCtofPidVro vesicles by BoNT/A awJit* 
t*kt xuhunu. b ) BoNT/A ( IA> was added to veS In V\ M 
aceute buffer P H 4.0 at the radicated amounts, (c) BoNT/A was 
SK- m ° \ Y S ° dium Probate buffer, nH 7.2. fd) Ughi 

*ub..n,t (LS) was added to vesicles in aceu* buffer pH 4 at the 

huflkr control (BX gram.cdm (G) and KC1 C K) were as described in 




hf'tMll f J-! » *? ° fK from f^WtdGro vesicles 
fn rV i ft ; tr lt *.. H i Ll Pwomcs (50 ui) were suspended 

J> n > W sodmm aUule/sodium phosphate bulTcr at each pH 
and 0.2 nmol of either BoNT/A <•) or the H, fragment (A) added 
The amount of K released was assessed by measurin| the response 
80 s after add.tion of the toxin and expressing this value as a pexceat- 
age of the response obtained with the gramicidin control at the .same 
P H vamc Values represent the mean of at least five measurements 



Table 1. Release of f l *C)NAD from PldCholPtdCfo vesicles by 
BoNTjA or its ffi fragment at pff 4.5 

The amount of NAD released after disruption of the liposomes with 
Triton X 100 was taken as 1 00% release 



Treatment 
oJ liposomes 



Total U C in the 
Supernatant fluid 





opm 




% 


Control 
(no addition) 


6520 


7394 


49.6 


Intact BoNT/A 
(2 nmol total) 


ft 994 


129(4 


88.7 


Hjlragmcnt 
(2nmoltoml) 


10764 


11741 


80 J! 


Triton X-t 00 
(1% final ccmen) 


13 328 


147.1! 


100 



Tabic 2. Binding of^T-BaNT/A to. andrektxe ofK* from liposomes 
of different phospholipid composition 

For the assessment or HoNT/A binding each incubation mixture 
(1 1 .5 ml) contained 10 fig neurotoxin (1 7 kB<i) and 10 juno! lipid The 
percentage of K* released by 0.2 nmol BoNT/A from liposomes in 
0.1 M sodium acetate buffer, pH 4.5 was assessed as described in 
Fig. 4 



Phospholipid composition 
of liposomes (molar ratio) 


"T-BoNT/A 
bound 


JC + released 




% total 


% 


PtdCrw/»HdGro(l:t) 


51 ± S.O 


>9S 


Soybean 


71 + 4.5 


63 + 16 


PtdCoo 


4.0 ±0.6 


<S 


PtdCho/PtdEln(l:1) 


10.5+4.0 


<5 


FtdOlo/Ptdlns(l:l) 


65 +2.4 


>95 


PtdCbo/PtdScr{l:l) 


46 ±7.0 


>95 


PtdCho/cardtollpin (2:1) 


80.5 + 9.7 


31 ±6.6 


PtdCho/dicetylphosphate (2:1) 


90 ±4.3 




Negative control 


3.3 £1.S 





Kffrrt ofpH an the release ofK ' from lipid vesicles 

At extra-vesicular pH values between 4.5 and 6.0, the 
extent to which K + was released from PtdCho/PtdGro 
vesicles was similar for both the intact botulioura neurotoxin 
and its H 2 fragment. Maximal release occurred at pH 4.5 
(Fig. 4): above pH 4.5 the release rapidly decreased and 
was undetectable above pH 6.0. At pH 4.0, however, while 
the K ' release by the intact neurotoxin was only slightly lower 
than that observed at pH 4.5, an almost fourfold reduction in 
K + release by the H 2 fragment was observed. 

Changes in the pH value of the intra-vesicular environ- 
ment did not appear to affect significantly the release of K + 
from lipid vesicles. Liposomes containing 0.1 M potassium 
acetate buffer at pH 4.5 instead of potassium phosphate buf- 
fer at pH 7.2 were found to release similar amounts of K. + 
when the exrravesictilar environment was reduced to pH 4.5 
in the presence of botuJmum toxin. 



Release of f iA CfNAD from PtdCho/PtdGro vesicles 

At pH 4.5, addition of cither BoNT/A or the H 2 fragment 
lo PtdCho/PtdGro vesicles loaded with [ l4 QNAD released 
over 80% of the total radioactivity (Table 1). Values obtained 
for the release of NAJ> in the presence of the neurotoxin 
consistently were close to double those of control values 
obtained ia the absence of toxin, indicating that the membrane 
channels formed by BoNT/A are large enough to permit tfe 
release of NAD molecules (M c 665). 



Binding of ™I-BoNTjA to ami release ofK* from liposomes 
of different phospholipid composition 

At pH 4.5, the highest levels of m I-ktbcJIed BoNT/A 
binding were observed to liposomes comprising phospholipids 
with a net negative charge; liposomes incorporating either 
PtdGro, Ptdlns or PtdSer bound approximately 50% or the 
total toxin and those including either dicetyl phosphate or 
curdiolipia, over 80% of the total toxin (Table 2). In contrast, 
much lower toxin binding was observed to liposomes made 
with the neutral phospholipids PtdCho and PtdEtn. At 
pH 7.2, however, less than 7% of the radiolabelled toxin was 
recovered in the liposome pellet regardless of the phospholipid 
composition. The binding of botuh'mim toxin to PtdCho/ 
PtdGro vesicles was found to be partially reversible in that 
45% of the toxin bound to the liposomes at pH 4.5 could 
be released when the pH was raised to 7.2. lodination of 
BoNT/A did not affect the pore-forming properties of the 
toxin. Neurotoxin iodinatcd with increased concentrations of 
iodine, resulting in approximately 4 mol iodine/mol toxin, still 
retained more than 90% of the channel-forming anility of the 
untreated controls. 

Whereas low levels of toxin binding to liposomes were 
associated with poor release of K+ from the lipid vesicles, high 
levels of binding were not always accompanied by efficient K * 
release. Thus, although lipid vesicles prepared from either 
dicetyl phosphate or cardiolipin appeared to display the 
highest affinity for the neurotoxin, toxin-associated release of 
K + from these vesicles was low compared to that from vesicles 
comprising cither PtdGro, PtdSer or Ptdlns. Similarly, 
compared to lipid vesicles containing the latter three 
phospholipids, the toxin-induced release of K + from soybean 
phospholipid vesicles was significantly lower even though all I 
these liposome preparations bound comparable amounts of 1 
toxin (Table 2). 



DISCUSSION 

The molecular details of the events leading to internalisa- 
tion of botwlinum toxin (or an active toxin fragment) into 
the cytoplasm of presynaptic nerve cells are only vaguely 
understood. Acceptor molecules present on the presynaptic 
nerve surface bind tightly to the molecules of neurotoxin 
which then cross the outer plasmalemma by an energy-do- , 
pendent process resembling receptor-mediated endocytosis | 
f5J. The niechamsm by which the toxin penetrates the lipid .- 
btlayer, whether it be the membrane of the plasmalemm* 
or an endosomal vesicle, however, is still unresolved, lipid 
bilayers in the form of liposomes provide a convenient model 
for studying these membrane-toxin interactions. In the present 
study we show that a 50-kDa NH r terminal fragment (H 7 ) of 
BoNT/A is able to form channels in unilamellar vesicles flt 



j 0 w pH which are large enough to aflow the release of K ' 
and NAD*. Similar channel-forrnmg activity was also ob- 
served with the intact neurotoxin, its heavy subunit and M 2 L 
fragment. This property of the neurotoxin appears to be 
confined to the heavy subunit since no channel-forming activi- 
ty was evident in purified samples of the neurotoxin light 
subunit. In addition, the similarity observed between the pore- 
forming activities of the heavy subunit and the H 2 L fragment 
suggests that H, fragment of the neurotoxin has little or no 
channel-forming activity compared to the H 2 fragment. 

The pH optimum of 4.5 for membrane channel formation 
observed for type A neurotoxin is close to values obtained in 
similar studies with diphtheria toxin f?) and tetanus [8] and 
botulinum type B neurotoxins [10]. Botulinum type C, 
neurotoxin, however, has recently been reported to form 
channels in planar lipid bilayers at a higher pH optimum of 



the view that there is a requirement for a specific toxin 
conformation to enable the formation of membrane pores. 

whether or not the channel-forming activity observed for 
the H 2 fragment of BoNT/A plays a significant role in the 
neuroparalytic activity of the neurotoxin is uncertain The 
ability to form membrane pores at low pH has been found to 
be a common characteristic of a number of bacterial toxins; 
in addition to the other botulinum neurotoxins so far studied' 
(types B [10] and C, [9]), similar channel-forming activities 
have been demonstrated in fragments analogous to the H a 
fragment of BoNT/A in both tetanus [8] and diphtheria 17] 
toxins. In the case of diphtheria toxin direct evidence has 
recently been obtained that illustrates the importance of a 
low extravesicuiar pH in the translocation of the ejaymjcally 
active fragment A across hpid bilayers [17]. Using liposomes 
containing the toxin substrates NAD + and elongation 



6.1 [9). One explanation for the low pH requirement of type factor 2, it was shown that only at low extravesicuiar pi! and 
A neurotoxin for membrane channel formation is that as using intact diphtheria toxin could the enaymicallv active 



the pH is lowered a hydrophobic site is exposed on the H 2 

i component which facilitates membrane binding. Supportive 
of this proposal is the observation that rudiolabelled 

J botulinum neurotoxin lands strongly to PtdCho/PtdGro 

') vesicles only at low pH. The exposure of a hydrophobic re- 
gion, induced by protein conformation changes at low pH, 

I has also been proposed to explain the pH-dependent insertion 
of diphtheria [15, 16] and tetanus toxin [8] into lipid bilayers. 

1 Whatever the mechanism of pore formation for BoNT/A, a 
pH gradient across the membrane does not appear to be 
required since reducing the intra-iiposomal pIT from 7.2 to 

) 4.5 did not affect the toxin-induced release of K + . 

i Radiolabelled botnliuum type A neurotoxin, at low pH, 
bound to a variety of liposomal phospholipids. High levels 
of toxin binding, however, were observed only to liposome* 
comprising phospholipids with an overall negative charge- 

< liposomes consisting of electrically neutral lipids displayed 
a much weaker interaction with the toxin. The binding of 
neurotoxin to lipid vesicle membranes was not always accom- 

. panied by the formation of membrane channels. While the 
loxin bound strongly to lipid vesicles consisting of either 
soybean phospholipids, cardiolipin or Acetyl phosphate, the 
release of K 1 from these vesicles was significantly less than 
that observed from liposomes consisting of either PtdGro, 
Pullns or PtdSer which appeared to bind the toxin less 
strongly. These observations may indicate that toxin binding 
and channel formation are two distinct events in which case 
some phospholipids, while allowing the toxin molecule to 
rand, may inhibit the subsequent channel-forming stage. A 

• amihr mechanism has been suggested for botulinum type Q 
neurotoxin for which it has been suggested that aggregates of 

, *e toxin may be involved in channel formation [9], 
, /Uternativery, it could be argued that the neurotoxin is able 
I !l- ^ lipid k^y" m several configurations, not ail of 
' are conducive to the formation of a membrane channel. 
, whether the toxin binds in a channcWorrmng configuration 
; w not could, then, be influenced by the nature of the menv 

• wane phospholipids. The lack of a positive correlation be- 
! ™«n toxin binding and pore formation suggests that a 

• specific toxin conformation is required before membrane 
| ! ,a nnels can form and argues strongly against the possibility 
! "June relea.se of K + from liposomes is simply due to a con- 
J °P<*ujc disruption of the integrity of the membrane surface 

J 'he toxin binds. The inability of formalin-inactivated toxin 
I f /f. lease K ' from liposomes and the reduced cbannel- 
» 1 "D'ng activity of the H 2 fragment at pH 4.0 also support 



fragment A enter the liposomes and catalyse the AJDP- 
ribosylalion reaction. It is tempting to speculate that a similar 
translocation mechanism could operate for botulinum toxin 
If, as has been suggested [5J, BoNT/A initially enters the nerve 
by a process similar ro receptor-mediated endocytosis, then 
the acidic environment which develops m the endosome 1 181 
should induce the toxin to insert itself in the lipid bilaycr. 
Whether or not the toxin or a toxin fragment subsequently 
enters the cytosol has yet to be determined. Recent studies 
may favour the translocation of the whole toxin since intact 
Bo NT/A intracellular^ injected into chromaffin cells strongly 
inhibit* secretion |i!*]. Substantiation of such an internal- 
isation mechanism would imply that the heavy subunit of 
BoNT/A plays a role in at least two stages in the action of 
the neurotoxin: firstly, in the binding of the toxin to the 
presynaptic nerve surface, most probably by an active site 
region located on the H, fragment fit], and secondly, in 
the translocation of the toxin or a fragment into the cytosol 
mediated by the K 3 component. 

Clearly, in the light of the present findings and those with 
other bacterial toxins the interaction of botulinum neurotoxin 
with lipid bilayers at low pH is worthy of continued investiga- 

The authors thank Howard Tranter, Nigel Bailey, Roger Rhind- 
Tutt and Julia Medcraft for their assistance in completing this study. 
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